For the reliable design of fluidized dense-phase pneumatic conveying systems, it is of paramount importance to accurately estimate blockage conditions or the minimum transport boundary. Existing empirical models for the fluidized dense-phase conveying of fine powders are either based on a limited number of products and pipelines or have not been tested for their accuracy and stability over a wide range of scale-up conditions. In this paper, based on the test results of 22 different powders conveyed through 38 pipelines, a unified model for the minimum transport boundary has been developed that represents gas Froude number as a function of solid loading ratio and particle Froude number. The model has been validated by predicting the minimum transport boundary for 3 different products, conveyed through 5 different pipelines. Various other existing models have also been validated for the same products and pipelines. Comparisons between experimental blockage boundary and predicted results have shown that the new particle Froude number and solid loading ratio based model provides more accurate and stable predictions compared to the other existing models, which can unexpectedly provide significant inaccuracies. The model incorporates both pipe diameter effect and some important physical properties of the particles. The model is believed to be useful in predicting minimum conveying velocities to avoid pipe blockage and to ensure optimum operating point for industrial pneumatic conveying systems.
dense-phase pneumatic conveying of powders has emerged in more recent years as a promising technique for bulk solids transport. In this method, the gas velocity is kept lower than the saltation velocity of particles and the particles travel in non-suspension mode in the form of dunes, slugs and plugs (depending on the deaeration or permeability characteristics of the product [1] ). Fine powders (such as fly ash, cement, etc) that have good air-retention properties are capable of being conveyed in the fluidized dense-phase mode. Amongst all the different types of dense-phase conveying, the fluidized dense-phase mode provides the highest solids to air mass ratio (in excess of 50) as compared to typical dilute-phase flows (having lower solids loading ratio values up to15). Due to this higher solids concentration, larger solids throughputs are achieved with smaller sized pipes. The size requirement of the air-solids separation unit is also minimised. Other benefits include lower operating and maintenance costs. Due to these benefits, the fluidized dense-phase conveying of fine powders is considered to be a significantly better alternative compared to traditional dilute-phase systems. However, the reliable design of fluidized dense-phase conveying system is considered significantly more difficult than doing the same for dilute-phase systems. This is due to the highly concentrated and turbulent (and complex) nature of flow of the fluidized bed [1, 2] . Two important design parameters are total pipeline pressure drop and the air flow rate required for stable conveying. For reliable estimations of the same, solid-air-wall friction and minimum transport criteria (or pipe blockage condition) should be accurately modelled and scaled-up. Over-estimation of the minimum transport boundary would cause unnecessarily high velocities, thus nullifying many of the advantages of low-velocity dense-phase conveying. Under-estimation of the minimum transport boundary would result in unstable conveying, product build-up in the line and/or pipe blockage.
Therefore, it is essential that the blockage condition or the minimum air velocity requirement to sustain stable conveying be modelled and scaled-up reliably. The existing models [3 to 8] are mostly empirical and have not been adequately examined for their accuracy for different products and pipeline scale-up conditions. The aim of this paper is to test the reliability of the existing models and to validate a new unified model to predict the minimum transport boundary for the fluidized dense-phase pneumatic conveying of powders.
Experimental data
Conveying trails were performed using fly ash at the Laboratory for Bulk Solids and Particulate Technologies of Thapar University (India) and with fly ash and cement at the pneumatic conveying test set-up of Fujian Longking Co. Ltd. (China) with different pipeline configurations. Table 1 lists the physical properties of these products. A schematic of the test rig used for fly ash conveying at Thapar University is shown in Figure 1 .
Compressed air was supplied via a rotary screw compressor (Make/Model: Kirloskar/KES 18-7.5) having a maximum delivery pressure of 750 kPa and flow rate of 202 m 3 
Existing models for minimum transport criteria
Previous models to predict minimum transport boundary are provided here in chronological order as much as possible. Weber [3] provided the following expressions to predict blockage boundary.
For, w fo ≤ 3m/s,
For, w fo ≥ 3m/s,
Martinussen [4] conveyed products through a horizontal pipeline of 53 mm diameter and 15m length. By applying a fluid analogy, he developed the following model to determine the minimum transport criteria:
Where, K (geometrical factor) = П/4 at the filling level of D/2. Martinussen [4] mentioned that this model could provide better predictions for fine materials than for coarse ones.
Mills [5] conveyed cement through 81 mm I.D. × 95 m test rig and provided dense-phase minimum transport boundary limit as 3 m/s. However, this model is applicable for one pipeline and product (cement). Also, the model does not include pipeline diameter and length scale-up effects. Mallick and Wypych [6] established a Froude number based criterion (Fr min = 6) to represent the minimum transport criteria using different fly ash, ESP dust and cement data conveyed through pipelines of various pipe diameters and length. This Froude number based model (Fr min = 6) did not consider particle parameters and the effect of solids loading ratio, which is a major limitation for its application for different powders and different loading ratio.
More recently, Mallick et al. [7] indicated that a constant Froude number line to predict the blockage boundary may provide only limited accuracy over a wide range of scale-up conditions.
It was believed that the solids loading ratio term would have some effect on predicting minimum conveying velocity requirement, as fluidized powders at higher concentrations seem to exhibit "self-pushing" or "self-cleaning" effects along the pipeline (thus promoting powder flow movements). Therefore, higher solids concentration could provide assistance towards flow initiation. Setia et al. [8] incorporated the above concept of self-pushing mechanism of powders at higher solids loading ratio and proposed the following model format, equation (4). This model showed some improvement but was far from being highly comprehensive and unified. The reason is the model format does not directly take into consideration important particle parameters, such as particle size and density effects. As a result, this format could not be used as a unified model and separate 'K' and 'a' are to be determined for each individual product based on pilot plant testing.
Rizk [9] carried out experiments on minimum conveying velocity using pipelines of 50 to 400 mm diameter pipelines. Sryropor and polystrol were used as the test materials. The minimum pressure drop curve was considered as the boundary between safe steady flow and a region of stationary particles. The correlation of the minimum conveying velocity was presented as: 
Cabrejos and Klinzing [11] applied rules of dimensional analysis to find the relation for the pickup velocity of particles larger than 100 μm. The expression was given as:
Kalman et al. [12] presented the pickup velocity in terms of modified Reynolds number as a function of modified Archimedes number. The Reynolds number was modified to take into account the pipe diameter. They derived the three zone model, which is based on the particle size. The model is given as:
For Ar > 16. 5 
Where, Re p * is Reynolds number modified by pipe diameter.
The models given by researchers [5] to [10] are in the area of coarse and/or granular product conveying (and not for fine powders) and use the concept of saltation and pick-up velocities.
Hence, the following models have not been evaluated in the present paper. The aim of this paper is to develop a validated and reliable unified model to predict the minimum transport boundary (or blockage condition) that can be applied to a variety of different powders. Such a tool would help the designer to effectively design a good dense-phase system, benefited by the high solids loading ratio (m*), yet preventing pipeline blockage.
New model development for minimum transport criteria
In this section, an attempt has been made to develop a unified model (and not particle specific model) for a wider range of applications and usability. In this approach, models in different formats have been developed by using a large number and variety of data points of 22 different powders conveyed through 38 pipelines (covering high to low solids flow rates).The various products and pipelines are summarised in Table 2 . The first format (New model 1) is provided by equation (11); however, the 'K' and 'a' values are to be determined not for individual products, but by combining the large number of data sets (viz. 22 products and 38 pipelines). The gas Froude number (Fr) term signifies that higher minimum conveying velocity is required for larger pipe diameters.
New model format 1:
In the second format, further improvement in modelling has been attempted by directly incorporating some particle parameters in the form of a particle Froude number. The format is given by equation (12) . In this format, the gas velocity requirement to prevent pipeline blockage is a function of pipe diameter, particle Froude number (based on free settling velocity of particles and averaged diameter of particle) and solid loading ratio (representing the "self-cleaning" effect). Therefore, this model incorporates the effect of particle properties (particle size and density). Hence, this format can be used for different powders. The 'K', 'a' and 'b' values are to be determined from the large number of data sets (viz. 22 products and 38 pipelines). The new model includes important parameters such as the solids loading ratio and particle properties in addition to the pipe diameter effect. Thus, the new model is significantly more capable than the existing model (Fr min = 6). It has been experimentally seen that at higher solids loading ratios, the products seem to be self-pushing and needing relatively low velocities for reliable transport.
Therefore the effect of m* should not be ignored. Additionally, the aim of the new model was to incorporate the particle parameters in the model, so that the model can be applied reliably for different products. With this view, a particle Froude number term has been incorporated that aims to include the effects of particle diameter and density.
New model format 2:
Where, Fr p is particle Froude number defined as Fr p = w fo / (g d) 0.5 The losses in bends and verticals in Table 1 and 2 have been calculated using the models of Mills [5] . Using the minimum transport boundary data provided in Table 2 , the values of 'K', 'a' and 'b' have been calculated. The new models and the correlation coefficient values are provided by equations (13) and (14), as follows: 
Validation of models of minimum transport criteria
The above models (existing and new models) have been validated for their reliability by using them to predict the blockage boundary for two fly ash and cement samples conveyed through different pipelines in dense-phase. The product properties and pipeline details are provided in Table 1 . The new models 1 and 2 were not developed from the data of these products and pipelines for "better" validation. Figure 3 shows the predictions of different models for cement conveyed through 65 mm I.D. and 254 m long pipe. The Martinussen [4] model provided similar trends as shown in Figure 4 . Also, the Weber [3] model predicted excessively high air flows (beyond the range of Figure 5 ). Hence prediction with the Weber [3] model has not been included in Figure 4 . 6 show that the trends of predictions with the models for fly ash are similar to that of cement. Figure 6 shows that the model of Mills [5] shows under-predictions. The Weber [3] and Mallick and Wypych [6] models provided significant over-predictions. Hence, these models would result in unnecessarily higher air flows than what would be sufficient to achieve stable conveying, thus affecting system optimization and increasing the operating and maintenance costs of the system. The new models have provided stable-predictions, of which the new model 2 has resulted in most optimized predictions (i.e. the minimum transport boundary predicted by new model 2 is closest to the experimental blockage boundary and does not predict operating conditions to the "left "of the experimental blockage boundary). It is again found (similar to cement) that for higher tonnages, transport is possible with lower air velocity. This is perhaps due to the "self-pushing" effect of the products. Figures 7 to 9 show the predictions of different models for fly ash conveyed at Thapar University. In Figures 7 and 8 , the pipe length was kept at 24 m for both cases and only the internal diameters were different -ranging from 43 and 69 mm.
Therefore, Figures 7 and 8 are intended to represent the effect of increase in pipe diameter on the experimental minimum transport boundary and prediction of the same using different models. Figure 9 shows results from the model evaluations for the 54 mm I.D and 70 m long pipeline. 
Conclusions
Based on the test results of 22 powders conveyed through 38 pipelines, unified models for minimum transport boundaries have been developed using 2 formats, which are: gas Froude number represented as a power function of only solids loading ratio; and as a power function of solids loading ratio and particle Froude number. The models were evaluated by predicting the blockage boundary for three different products, conveyed through six different pipelines by comparing the predicted versus experimental blockage boundaries. Seven other models were also evaluated against the same set of test results. Results showed that the existing models provided considerable over-or under-predictions and could become unexpectedly unreliable causing either unnecessarily high air flow rates or pipe blockage. The new model developed and presented in this paper that is based on gas Froude number as a power function of solids loading ratio and particle Froude number appears to provide the relatively better accurate and stable predictions.
The model has the potential to serve the purpose for minimum transport criteria for wide range of products, as the model incorporates a particle settling velocity term, which in turn depends on particle density and size. In this paper, the variation in pipe diameter is from 52 to 125 mm (about a factor of 2.5). Future work will include validation of the model in large industrial setups.
financial assistance provided under the Young Scientist Scheme No: SR/FTP/ETA-15/2011. Mr.
Gautam Setia would like to thank Fujian Longking Co., China for providing the experimental facilities. 
List of symbols

